1. The secretory pattern of growth hormone (GH) is sexually dimorphic in the adult rat. However, this difference between the sexes does not become apparent until after the onset of puberty, suggesting that pubertal sex steroids play an important role in the manifestation of this phenomenon.
two neuropeptide systems could at least partially account for the sexual dimorphism seen in the adult GH secretory pattern.
4. The neonatal steroid environment has also been suggested to be involved in the generation of the final adult GH secretory pattern, although the mechanisms underlying this effect are even less well understood. In support of the hypothesis that the neonatal steroid environment plays an important role in organizing the GH axis, we have found that the number of GHRH neurons in the adult brain, as well as their sensitivity to adult steroids, is modulated by neotatal testosterone treatment. The number of SS neurons in the periventricular and paraventricular nuclei were not modulated by neonatal steroids; however, the synthetic capacity of these neurons does appear to be influenced by the neonatal steroid environment.
5. These studies suggest that both the neonatal and adult sex steroid environments influence the adult GH secretory pattern by modulating GHRH and SS neurons.
INTRODUCTION
Gonadal steroids play a fundamental role in the development, maintenance and functioning of sex steroid responsive structures in the CNS. These steroid effects, which include modulation of the size, morphology and composition of specific brain nuclei, their neurotransmitter or neuropeptide production and release, as well as their synaptic organization, have often been categorized as either organizational or activational (Arnold & Breedlove, 1985) . Whereas organizational effects are those which are permanent and occur during the fetal-neonatal period when estrogens or aromatizable androgens are involved in modulating brain development (MacLusky & Naftolin, 1981; Arnold & Gorski, 1984; Matsumoto & Arai, 1980 , 1983 , activational effects are transient and can be reversed if the stimulus is removed or changed. Since levels of gonadal steroids differ between male and female animals both neonatally and postpubertally, sexually dimorphic anatomical structures develop naturally in the CNS and this ultimately culminates in sexually dimorphic physiological functions.
One sexually dimorphic physiological phenomenon is that of longitudinal growth in the postpubertal rat. Around the time of pubertal onset, the male rat begins to grow significantly faster than the female and this event is the result of, at least in part, the difference between the sexes in the pulsatile pattern of growth hormone (GH) secretion that also becomes apparent at this time (Edfn 1979; Jansson et aL, 1985) . In the adult male rat, GH is released in high amplitude bursts that occur approximately every 3.5 hours and are intervened by low basal levels. In contrast, in female rats GH is released in a more irregular pattern with lower peaks and a higher baseline level (Ed6n 1979; Jansson et al., 1985; Tannenbaum and Martin 1976; Terry et al., 1977) . These differences are due partially to the pubertal changes that occur in the hormonal environment in both sexes and are mediated, at least in part, through sex steroid modulation of growth hormone-releasing hormone (GHRH) (Zeitler et aL, 1990) and somatostatin (SS) neurons (Chowen-Breed et al., 1989 , two neuropeptides implicated in the control of GH release (Plotsky and Vale 1985; Tannenbaum 1987; Guillemin et aL, 1982; River et al., 1982) .
The fetal and neonatal gonadal steroid environments also play an important role in generating the sexual dimorphism seen in GH secretion since castration of postpubertal male rats only partially feminizes the GH pulsatile pattern, whereas neonatal castration results in a GH secretory pattern indistinguishable from that of the female. Furthermore, neonatal testosterone treatment of females or neonatally castrated males only partially masculinizes both the growth pattern and GH secretion (Edrn 1979; Jansson et aL, 1984 , Jansson et aL, 1985 Frohman 1987a, Jansson and Frohman 1987b) . These observations demonstrate that there is an effect of the neonatal steroid environment on the physiological end points, GH secretion and growth; however, the nelaroendocrine correlates underlying this phenomenon are only now becoming known. For example, we now know that the neonatal steroid environment modulates the number of GHRH expressing neurons in the adult animal, as well as the synthetic capacity of SS neurons in the periventricular nucleus. However, the mechanisms and implications of these observations remain an active and interesting area of investigation.
SEXUAL DIMORPHISM OF THE GROWTH AXIS
It has previously been shown that the GH secretory pattern is markedly sexually dimorphic in the adult rat (Edrn, 1979; Jansson et al., 1985) . The male rat exhibits regular high amplitude GH pulses approximately every 3.5 hours and these are intervened with a very low baseline level (Tannenbaum and Martin, 1976) . In contrast, the female rat presents with an irregular GH pattern with lower amplitude bursts and a higher baseline level (Terry et al., 1977) . This difference in pulsatile pattern results in a greater stimulation of longitudinal growth in the postpubertal male rat when compared to the female rat. Not only is the pulsatile release of GH different between the sexes, but it appears that the anterior pituitary of the male has a greater overall capacity for GH synthesis than the female since the messenger RNA levels for this hormone are significantly higher in the postpubertal male (Gonz~lez-Parra et al., 1994) .
In order to determine whether this sexual dimorphism proceeds from a difference between the sexes in the hypothalamic neurons that control GH production and secretion, adult male and female animals were sacrificed and their brains processed for in situ hybridization for SS and GHRH. Image analysis of individual neurons in the anatomical regions of interest, the periventricular nucleus (PEN) for SS and arcuate nucleus and ventromedial hypothalamus (VMH) for GHRH, was carried out in order to determine the mean number of silver grains over each neuron. This was then used as an index of synthetic capacity. We found that adult male rats have relatively higher levels of mRNA for both GHRH and SS when compared to females (Fig. 1) , suggesting that indeed there is a sexual dimorphism at the level of the hypothalamus in the GH axis (Chowen-Breed et aL, 1989; Argente et aL, 1991) .
Because the GH secretory pattern does not become sexually dimorphic until after the onset of puberty (Ed6n, 1979; Jansson et al., 1985) , the question then arose as to whether the sexual dimorphism at the level of the hypothalamus also goes through developmental changes. To address this question, male and female rats of 10, 25, 35 and 75 days of age were sacrificed and the relative levels of SS and GHRH mRNAs assessed. We have reported that even though SS mRNA levels are changing significantly throughout development in both male and female animals, the sexual dimorphism in the SS system persists throughout postnatal maturation (Argente et al., 1991) . As shown in Fig. 2(a) , males have a significant increase in SS mRNA levels between 10 and 25 days of age. These levels remain constant until sometime after pubertal development, after which there is a significant decline in SS mRNA levels. In females, the only significant change throughout development in SS mRNA levels occurs at 35 days of age (around the time of pubertal development), with significantly more SS mRNA being present at this age. In addition, it is apparent that males have significantly more SS mRNA signal than females at 10, 25, 35 and 75 days of age. These results suggest that differences in the synthetic capacity of SS neurons of the PeN may play a role in generating the changes in the GH secretory pattern that occur throughout development, as well as in driving the sexually dimorphic GH pattern seen in adulthood. Furthermore, since this difference between the sexes exists throughout the prepubertal period when circulating levels of gonadal steroids are not Relative levels of somatostatin (SS) mRNA levels (as reflected in grains/cell) throughout development of male and female rats. In the male rat there is a significant rise in SS.mRNA levels between 10 and 25 days of age. These levels remain constant until sometime after pubertal development when there is a decline to the adult level as represented by 75 days of age. Somatostatin levels in female rats increase significantly around the time of pubenal onset (35 days) and then decline to adult levels (75 days). At all timepoints studied, males have significantly higher SS mRNA levels than females. (b) GHRH mRNA levels (as reflected in grains/cell) throughout development in male and female rats. In the male rat there is an increase in GHRH mRNA levels throughout maturation with the largest increase occurring after the onset of puberty. In females this increase is more gradual, but results in the highest levels also being found in the adult animal. Males have significantly higher GHRH mRNA levels than females at both 10 and 75 days of age. (Modified from Argente et aL, 1991.) significantly different, an explanation other than an activational effect of sex steroids on SS mRNA levels is called for. The sexual dimorphism in the GHRH system, unlike that found in SS neurons, does not persist throughout postnatal development. As shown in Fig.  2(b) , at 10 days of age, the earliest time-point studied, male animals have significantly higher GHRH mRNA levels than females; but, by 25 days of age this difference is no longer significant. In both sexes there is a significant rise in GHRH mRNA levels throughout development; however, this increase is greater in males than in females, resulting in a sexual dimorphism in the post-pubertal animal. Hence, the difference that exist between the sexes in the ability of the hypothalamus to synthesize and release GHRH during adulthood is most likely also involved in the generation of the sexually distinct GH secretory pattens in the mature animal.
EFFECTS OF THE ADULT SEX STEROID ENVIRONMENT ON GHRH AND SOMATOSTATIN NEURONS
We have previously reported that both SS and GHRH mRNA levels in the adult male rat can be modulated by changes in circulating testosterone levels (Chowen-Breed et al., 1989; Argente et al., 1990; Zeitler et al., 1990) . Castration of adult males results in a significant reduction in SS mRNA levels in neurons of the PeN. This effect is not seen in SS neurons of the frontal cortex. If castrated males are immediately replaced with either testosterone or dihydrotestosterone, the decline in SS mRNA levels is prevented. However, estrogen has no effect, on SS mRNA levels. This observation suggests that in the adult animal, at least in males, SS neurons in the PeN are responsive to modulation by androgens and this effect is anatomically specific.
A decline in GHRH mRNA levels is also seen as a result of castration of adult male rats (Zeitler et al., 1990 ). This decline is seen in neurons of both the arcuate nucleus and VMH. As with SS, replacement of castrated animals with testosterone prevents this decline in both populations of neurons. Estrogen alone had no effect in either anatomatical area. However, DHT was effective, but only partially, in returning GHRH mRHA levels in the arcuate nucleus to that of the intact animal. No effect of DHT was seen in the VMH. These results indicate that GHRH neurons are responsive to modulate by sex steroids, and at least in the arcuate nucleus this involves androgens, but the mecfianism may be more involved and may require the presence of both estrogens and androgens. Indeed, GHRH neurons have been shown to express the estrogen receptor (Shirasu et al., 1990) .
EFFECTS OF THE NEONATAL SEX STEROID ENVIRONMENT ON GHRH AND SOMATOSTATIN NEURONS
The neonatal sex steroid environment is known to modulate the development of various areas within the brain, influencing, amongst other things, the number of neurons in specific brain nuclei (Dodson et al., 1988; Nordeen et al., 1985; Guillam6n et al., 1988) . Therefore, it is possible that the neurons within the hypothalamus are also sensitive to this type of modulation. In support of this fact, we have recently reported that sex steroids increase the survival rate of Fig. 3(a) , the number of neurons in primary hypothalamic cultures decreases throughout time in the absence of sex steroids. This phenomenon is prevented by the addition of estrogen, whereas D H T did not have an effect on neuron survival in this culture system (Fig. 3(b) ). Whether this is a general effect or one that selectively affects specific types of neurons remains to be determined. To begin understanding the mechanism by which the neonatal steroid environment modulates G H R H and SS neurons, the following study was performed, On the day of birth (Day 0), male rats were either castrated or sham castrated. Females were left intact. Half of each group was injected with either 100/xl of sesame seed oil containing 250/zg of testosterone or only the oil. Because we have found that weight gain is highly correlated to longitudinal body growth in rats during this developmental period (Chowen et al. 1993) , the weights of the rats were monitored every 5 days. At 60 days of age, the animals received the second steroid treatment. Each group was divided so that half of the animals received a Silastic capsule containing testosterone and the other half a sham implant. One group of the neonatally sham castrated males was sham castrated again and another group was castrated as adults. These treatments resulted in the experimental groups found in Table I . After the adult steroid treatment the weights of the animals were recorded every 2 days. During this time the estrous cycles of the cycling females (FNOAO only) were monitored by vaginal swabs. The animals were sacrificed at 75 to 77 days of age be+v~een 0900 and 1100. Cycling females were sacrificed on the morning of est .... The brains were then removed and processed for in situ hybridization to detect neurons containing SS mRNA or GHRH mRNA. The number of neuropeptide containing cells, as well as the relative levels of mRNA for these peptides, were then determined (Chowen et al., 1993) . In Fig. 4 the growth curves of the female groups plus the intact males can be seen. All of the animals grew at the same rate until around the time of pubertal development at which time the intact mate animals began to grow at a significantly faster rate than all other experimental groups. At about the same time, those females or neonatalty castrated males that had received an injection of neonatal testosterone began to grow faster than those animals that had not. Hence neonatal steroid treatment alone affected a larger pubertal growth spurt. However, if these animals did not receive adult steroid treatment, their growth rate began to decline, suggesting that adult steroids are necessary to maintain the rapid growth rate. In addition, although all animals responded to adult testosterone, those animals that had received neonatal steroids had a greater response to adult steroid treatment, as reflected in a greater increase in their growth rate, than those animals that had not previously been exposed to testosterone. These observations suggest, that the neonatal environment is critical in determining the magnitude of the pubertal growth spurt, as well as the responsivity of the growth axis to later (i.e., pubertal) changes in the sex steroid environment. Age (days) Fig. 4 . Growth curves of normal males and females and females treated either neonatally, during adulthood or during both time periods with testosterone. All groups grew at the same rate until around the time of pubertal development at which time the males began to grow at a significantly faster rate. In addition, those females that received neonatal testosterone (FNTAO and FNTAT) also began to grow significantly faster at this time than those females that had not received neonatal testosterone. After 60 days of age when the adult experimental treatment was given (arrow), those animals that received adult testosterone (FNOAT and FNTAT) grew at a faster rate than those that received only vehicle. (Modified from Chowen et al., 1993.) Analysis of the number of SS neurons in the PeN and paraventricular nucleus (PVN), the nuclei most strongly implicated in the somatostatinergic control of GH secretion, showed no significant differences between any of the experimental groups ( Fig. 5(a) ). However, both neonatal and adult testosterone treatments affect SS mRNA levels. Testosterone given during the adult period was able to stimulate SS mRNA levels in both male and female animals. Interestingly, injection of testosterone to females and neonatally castrated males on the day of birth alone resulted in significantly higher levels of SS mRNA when they reached adulthood (Fig. 5(b) ; groups FNTAO vs FNOAO and NCTAO vs NCOAO). When taken in conjunction with the observation that males have higher levels of SS mRNA then females at all stages of development, even when sex steroid levels are not significantly different, the hypothesis that neonatal steroids modulate the synthetic capacity of SS neurons in the PeN and PVN and that this does not depend on subsequent exposure to sex steroids is further strengthened.
When the number of GHRH neurons was assessed, it was found that those animals exposed to neonatal testosterone have significantly more GHRH neurons in both the arcuate nucleus and ventromedial hypothalamus than those animals that had not been exposed to neonatal testosterone (Fig. 6(a) ). Normal male Table 1 . There was no significant difference between any of the experimental groups. NS = non-significant). (b) Somatostatin (SS) mRNA signal levels (as reflected in grains/cells) in neurons of the PeN of the 10 experimental groups shown in Table 1 . Both adult (AC) and neonatal (NCOAO) castration resulted in a significant reduction in SS mRNA levels as compared to normal males (IM). Neonatal testosterone treatment alone (NCTAO and FNTAO) resulted in a significant induction of SS mRNA levels. Adult testosterone treatment stimulated SS mRNA levels, regardless of the neonatal steroid environment, so that they were not statistically different than those of intact males (NCOAT and NCTAT vs IM). Normal proestrous females (FNOAO) have significantly less SS mRNA than intact males. Both neonatal and adult testosterone treatments significantly stimulate SS mRNA levels in hypothalamic neurons of the female animal.
(n = 4 in each group; NS = non-significant). [See Table 1 for explanation of the experimental groups.] (Modified from Chowen et aL 1993.) animals had almost twice as many detectable GHRH neurons than normal females. Furthermore, neonatal castration of males resulted in a significant decline in the number of GHRH neurons. A single injection of testosterone on the day of birth was sufficient to cause a significant increase in the number of detectable GHRH neurons in both females and neonatally castrated males (FNTAO vs FNOAO and NCTAO vs NCOAO), while adult steroid treatment had no effect (FNOAT vs FNOAO and NCOAT vs NCOAO). This effect does not appear to be due to the sensitivity of the assay since as shown below, adult testosterone treatment significantly increases mRNA levels, but has no effect on the number of detectable neurons. Furthermore, longer exposure of the autoradiograph increases the signal levels in all groups, but has no effect on the number of GHRH neurons. Table 1 . All animals that received neonatal testosterone treatment had significantly more detectable GHRH neurons than animals that received vehicle. Adult testosterone treatment had no significant effect on the number of hypothalamic GHRH neurons. (n=5 in each group; ANOVA: p<0.001; *=p<0.05; NS=non-significant). (b) Growth hormone-releasing hormone (GHRH) mRNA signal levels (as reflected in grains/cell) in hypothalamic neurons of the 10 experimental groups shown in Table 1 . Those males that were castrated as adults (AC) or as neonates (NCOAO) had a significant reduction in the mean level of GHRH mRNA/neuron as compared to intact males (IM). Neonatal testosterone treatment alone (NCTAO and FNTAO) did not affect GHRH mRNA signal levels/neuron. However, adult testosterone treatment was able to stimulate an increase in the mean level of GHRH mRNA/neuron in animals regardless of their neonatal steroid environment (NCOAT and NCTAT). Normal estrous females (FNOAO) have significantly lower GHRH mRNA levels/neuron than intact males (IM) and neonatal testosterone treatment alone does not modulate these levels (FNTAO). Female animals receiving adult testosterone had a significant increase in the mean level of GHRH mRNA/neuron; however, in contrast to what was found in the male groups, this increase was significantly greater in those females that had previously been exposed to neonatal testosterone (FNTAT) than in those that had not (FNOAT).
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(n = 5 in each group; ANOVA: p<0.001; * = p<0.05; NS = non-significant). [See Chowen et al. 1993.) Adult testosterone treatment is able to stimulate GHRH mRNA levels in both male and female animals ( Fig. 6(b) ). In contrast to what was observed in SS neurons, GHRH mRNA levels are not influenced by neonatal testosterone treatment alone. However, it appears that exposure to neonatal testosterone may modulate the response to later sex steroid changes. In support of this, those females which had received neonatal testosterone had a significantly greater response to adult testosterone treatment than those that did not (FNOAT vs FNTAT) . This difference was not seen in the male animals and this could be due to the fact that the males had been exposed to testosterone during the fetal period and this was sufficient to modulate the sensitivity of these neurons.
CONCLUSION
It is clear that there are both activational and organizational effects of testosterone on the growth hormone axis and that these effects are mediated, at least in part, through modulation of hypothalamic GHRH and SS neurons. A sexual dimorphism in the number of GHRH neurons, as well as their synthetic capacity, may help to explain some of the differences seen between the GH secretory patterns of male and female rats. It is thought that GHRH is responsible for the amplitude of the "GH pulses released from the pituitary . If there are more GHRH neurons in the hypothalamus of the male to release this neuropeptide, the stimulus to the pituitary to produce and release GH will most likely be greater. Furthermore, testosterone stimulation of GHRH synthesis further increases GHRH levels in the male. Indeed, adult male rats have significantly higher levels of GHRH peptide than females (Jansson et al., 1987) . This finding may also help to explain why after pubertal onset those females and neonatally castrated males that receive only neonatal testosterone have only a partially masculinized GH secretory pattern (Jansson and Frohman 1987a) . There are more GHRH neurons in these animals to stimulate GH release, but they lack the postpubertal stimulation by steroids. Hence, neonatal steroids have an organizational effect on the GH axis by modulation of the number of detectable GHRH neurons in the hypothalamus and possibly their response to later gonadal steroid exposure, and a more activation effect is seen postpubertaIly.
Somatostatin is thought to be the primary factor in determining the GH nadir (Tannenbaum 1987 ). Hence, the higher level of SS synthesis in the adult male rat, partially due to high levels of circulating testosterone, most likely is important in affecting the low GH baseline level seen in this sex. The large increase in SS mRNA, and by deduction production of this peptide, observed after administration of testosterone to adult female rats may underlie the decrease in GH baseline levels that is also seen in these animals as a result of this treatment. The observation that neonatal steroid treatment alone modifies adult SS mRNA levels may also be involved with the partial masculinization of the GH secretory pattern that occurs during this period. When a male rat is pubertally castrated, its GH baseline rises significantly, but it is still significantly lower than that observed in a neonatally castrated male animal (Jansson et al., 1985) . This may be due to the fact that, as seen here, with adult castration SS mRNA levels decrease, but not to levels as low as those seen in the neonatally castrated animal. Hence, both neonatal and adult sex steroids have significant effects on the synthetic capacity of SS neurons controlling GH secretion.
A number of question still remain as to the mechanism underlying the neonatal effects of sex steroids on this system. First of all, we do not know if these effects are estrogen or androgen mediated. Furthermore what underlies the changes in synthetic capacity of the SS neurons of the PeN and PVN? The change in the number of GHRH neurons could be the result of differences in the number of GHRH neurons produced, a result of differential cell death, or sex steroid induced changes in phenotype. The changes in responsivity of the GHRH neurons to the postpubertal rise in testosterone could conceivably be due to a difference in the number of androgen receptors on these neurons or on those neurons that stimulate the GHRH system. Regardless of what these mechanisms entail, it is difficult to explain the differences in GH pulsatile patterns on the grounds of differences in the synthetic capacity of SS and GHRH neurons. Since, as described in other parts of this volume, synaptic changes in the hypothalamus are also modulated by sex steroids, it is possible that the connectivity of GHRH and SS neurons differs between males and females and this could explain the different GH periodicities seen. These are all areas of active investigation.
